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ABSTRACT 

We report on G-band emission observed by the Solar Optical Telescope on- 
board the Hinode satellite in association with the X1.5-class flare on 2006 De- 
cember 14. The G-band enhancements originate from the footpoints of flaring 
coronal magnetic loops, coinciding with non-thermal hard X-ray bremsstrahlung 
sources observed by the Reuven Ramaty High Energy Solar Spectroscopic Imager. 
At the available 2 minute cadence, the G-band and hard X-ray intensities are fur- 
thermore well correlated in time. Assuming that the G-band enhancements are 
continuum emission from a blackbody, we derived the total radiative losses of 
the white-light flare (white-light power). If the G-band enhancements addition- 
ally have a contribution from lines, the derived values are overestimates. We 
compare the white-light power with the power in hard X-ray producing electrons 
using the thick target assumption. Independent of the cutoff energy of the ac- 
celerated electron spectrum, the white-hght power and the power of accelerated 
electrons are roughly proportional. Using the observed upper limit of ~30 keV 
for the cutoff energy, the hard X-ray producing electrons provide at least a factor 
of 2 more power than needed to produce the white-light emission. For electrons 
above 40 keV, the powers roughly match for all four of the time intervals avail- 
able during the impulsive phase. Hence, the flare-accelerated electrons contain 
enough energy to produce the white-light flare emissions. The observed correla- 
tion in time, space, and power strongly suggests that electron acceleration and 
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white-light production in solar flares are closely related. However, the results 
also call attention to the inconsistency in apparent source heights of the hard 
X-ray (chromosphere) and white-light (upper photosphere) sources. 

Subject headings: Sun: chromosphere — Sun: flares — Sun: particle emission — 
Sun: photosphere — Sun: X-rays, gamma rays 



1. Introduction 



In association with solar flares, we sometimes observe enhancements of visible contin- 
uum, in which case the event is termed a "white-light flare." Although white-light events 
had previously been mainly associated with energetic flares ((j(9£'6' X-class), there are now 



reports of continuum emission from events as \v eak as C-class flares ( iMatthews et al.l 12003 



Hudson et al.ll2006l : IWang||2009l : I Jess et al.ll2008l ) thanks to accurate photometry from space 
achieved by Yohkoh, TRACE, and Hinode, and by improved ground-based instruments. 
However, white-light flares are still very infrequently observed and some energetic ev ents do 
not s how any enhancement in white light. The processes causing it remain unclear ( iNeidig 
19891 ). Because there is a good correl ation of light curves and sites of ernission between opti- 



cal continuurn and hard X-rays (e.g ., iRust fc Hegwerlll975l : lNeidiglll989l : iHudson et al.lll992 



Metcalf et al.l l2003l : IXu et al.l |2006| ) , there is some consensus that the origin of white- light 
emission lies in the energy in accelerated particles, especially non-thermal electrons. 



Using the thick-target model ( lBrownlll97ll ). the ener gy in flare-acce lerated electrons can 



be compared to the radiative losses in white light (e.g., lHudsonlll972l ). If flare-accelerated 
electrons indeed produce the white-light emission, the energy content in electrons must be 
larger than the radiative losses in white light. Due to the (inferred) steep electron spec- 
trum, the energy in electrons stro ngly depends on th e cutoff of the elec tron spectrum at low 



energies. To match the energies, iNeidid (119891 ) a nd iDing et al. 



(12003) estimated the cutoff 



energy of electrons at more than 50 keV, whereas iFletcher et al.l (|2007| ) obtained values be- 
low 25keV from a statistical analysis of Transition Region and Coronal Explorer (TRACE) 
and Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) observations. These 
differences might be due to the variation from flare to flare. In any case, a cutoff energy of 
~ 20 keV can supply the white-light power, but not 100 keV. 



The Solar Optical Telescope (SOT) of H inode ( iTsuneta et al.l l2008t ISuematsu et al. 



20081 : IShimizu et al.ll2008l : llchimoto et al.ll2008[ ) makes observations in white light. Its broad- 
band fllter imager (BFI) take images in red (668.40 nm, width 0.4 nm), green (555.05 nm, 
width 0.4 nm) and blue (450.45 nm, width 0.4 nm) continuum ranges. Radiation at these 
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wavelengths comes from the photosphere and hence reflects the broadband continuum emis- 
sion well. However, SOT normally obtains only infrequent images in these filters. More 
frequently, SOT takes images in the ( j-ban d (430.50 nm, width 0.83 nm), formed mainly 
from CH line opacity. ICarlsson et al.l (120071 ) show contribution functions for these filters; 
the G-band has a photospheric and an upper-photospheric contribution. It therefore serves 
well t o define the morphol o gy of white- light flares and it was also used in the Yohkoh observa- 
tions (IHudson et al.lll992l : [Matthews et al.l 120031 ). However, G-band emission could contain 
not only continuum emission, but also CH line emission. If the G-band emission contains 
line emission, the radiative losses estimated from the G-band emission assuming blackbody 
radiation is overestimates of the true losses. However, in this paper, we treat the G-band 
emission mainly came from the continuum emission, and we therefore use G-band images as 
a proxy for the white-light images. 



SOT observed white-light emission from three X-class flares in 2006 December ( IWang 



20091). G-band ern issior i of the largest ev e nt (X3.4 flar e on 20 06 December 13) is reported by 
Isobe et al.l fcoOTh and ljing et airj2008[ ). Ilsobe et al.l toQl^ ) concluded that the white-light 
emi ssion could be pro duced by radiative back- warming resulting from particle-beam heating, 
and lJing et al.l ( l2008l ) noted that the white-light emissions appeared at the sites of the largest 
inferred reconnection rates. In this paper, we describe the wh ite-light observa tions of the 
2006 December 14 flare that was also observed by the RHESSI (|Lin et al.ll2002l ). We obtain 
X-ray energy spectra for each foot-point separately, using RHESSI imaging spectroscopy, 
and compare the results with energy estimated from Hinode G-band images (Section [2]). In 
Section [31 energy estimates are discussed for different cutoff energies. 



2. Observations by Hmode/SOT and RHESSI 

On 2006 December 14, an X1.5-class flare occurred in active region NOAA 10930; this 
region produced a total of three X-class flares in 2006 December. Hinode/ SOT took G-band 
images every 2 minutes, obtaining four images between 22:09 and 22:16 UT that showed 
flare-related brightenings. The exposure times of these images were 0.031 s, and the spatial 
binning was 0.109 arcsec/pixel. To estimate the excess emission from these images, we made a 
reference image by averaging images before (22:07 UT) and after (22:17UT), and subtracted 
the reference from the flare images. We then calculated background pixel statistics for these 
difference images, and estimated the excess emission by summing the pixels at more than 3a 
(= 245.3 DN/exposure time/pixel) above the background level. RHESSIhad full coverage of 
this flare. Figure [1] shows light curves from GOES X-iajs, G-band emission by Hinode/SOT 
obtained as described above, and hard X-rays observed by RHESSI The total white-hght 
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emission correlates well with hard X-rays at 40 — 100 keV, as shown in the fourth panel of 
Figure [H Note that the white-light images are brief samples, whereas the hard X-ray record 
is continuous. 

Around the times of the Hinode images, we made RHESSI hard X-ray images integrated 
over 1 minute by using the CLEAN algorithm with sub-collimators 2, 3, 4, 6, 8, and 9. 
Despite its lower energy resolution, sub-collimator 2 is used here to obtain higher spatial 
resolution for images reconstructed over a broad energy range. Sub-collimator 5 is affected 
by cumulative radiation damage and is therefore not used (the observations presented here 
were taken before the first RHESSI anneal). It is necessary to register the RHESSI and 
Hinode images empirically. For this purpose we compared RHESSI thermal X-ray images at 
6 keV with images from Hinode/XRT and shifted the lat ter to fit. The alignm ent between 



SOT/G-band and XRT was corrected using the method of IShimizu et al.l (120071 ). The results 
for this registration are shown in the top figures of Figure [2ll5l Above 40 keV, the hard X- 
ray images show two foot-point sources, with the G-band emission at the same locations 
within uncertainties. The hard X-ray footpoint regions have different spectral behavior; the 
20 — 30 keV energy range shows the northwest (NW) source more clearly than the southeast 
(SE) one. The behavior in white light is opposite to this, i.e., the SE region is brighter. 
On the other hand, if we use 40 — 100 keV hard X-rays, a similar feature of the white-light 
emission was obtained. This SE feature was seen clearly in all four images at 40 — 100 keV. 

We derived en ergy spectra of each f ootpoint separately by obtaining images at different 



energy bands (e.g.. iKrucker &: Linll2002l ). For the first time interval, the spectrum for both 
footpoints could be derived showing similar power- law spectra (Figure [2]). For the later time 
intervals, the NW footpoint is too weak to accurately determine its spectrum, and only the 
spectrum of the SE footpoint is derived (Figures 



3. Relationship between white-light and hard X-ray emissions 

In this section, the power of the white-light continuum (radiative losses) is compared 
with the energy deposition by flare-accelerated electrons producing the hard X-ray emission. 
The white-light power is calculated assuming that the G-band enhancements are continuum 
emission from a blackbody. This is a strong assumption that is not necessarily fulfilled. 
Besides the continuum emission, the G-band emission could contain line emission. In this 
case, our assumption leads to an overestimation of the white-light power. A further limitation 
of our assumption is that the spectrum of the white-light flare emission could be different from 
a blackbody. We further assume temperatures of 6000 K fo r the quiet Sun, 5500 K for the 



penumbral regions, and 4200 K for the umbra (e.g.,|Cojg|2000|), and calculate the temperature 
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of the white-light flare source using the response of the G-band fiher and Planck's law 
{Bx(T) = 2hc^ / X^{e^'^^^'^^ — 1)). The power of the white-light continuum E (i.e., radiative 
losses) from the temperature Tg is then calculated using Stefan-Boltzmann's law {E = 5.67 x 
10~^T^). Note that this represents a lower l imit because the con tinuum could extend into 
the UV, e.g. via the Balmer continuum (e.g. iFletcher et al.l 120071 ). 



The total power in non thermal electrons P above a given cutoff energy Ec in the thick- 
target approximation (Equation (IT]): [Hudson et al.l 119781 ) can be derived from the observed 
hard X-ray photon spectrum /(e^^) (as shown in Figures : 



Pie > Sr 



4.3xl02^-^Ae,-(^-i) 



7 



(erg/s), 



(photons / cm^ / s /keV) . 



(1) 
(2) 



The f actor 6(7) is an auxiliary function from iBrownl ( Il97ll ) as calculated by iHudson et al. 
( 119781 ) for a relevant range of spectral indices 7 as 6(7) ~ 0.277^. Two approaches to derive 



P are presented: first, P is estimated from the total fiare spectrum integrated over 4 seconds 
around the time of the G-band image (Figure [6]). Second, P is estimated for each footpoint 
source separately using imaging spectroscopy (Figures [2H5] and [T]). The advantage of the 
first approach is that it provides smaller uncertainties and that the RHESSI images are 
taken almost simultaneously with the G-band images (cf. Figure [1]). The second approach 
compares individual sources, but a time integration of 60 seconds is needed to obtain a 
significant result. However, both approaches give similar results (Figures [6] and [7]). Error bars 
are estimated from the uncertainties of the fit parameters. The uncertainty in 5 (typically 
~5% for the spatially integrated spectra, and 10% for imaging spectroscopy ( iKrucker &: Lin 
2OO2I )) dominates the error budget. There is a clear correlation between the power in white- 
light emissions and the energy deposition rate by non-thermal electrons for all cutoff energies. 
For low cutoff energies, the power provided by non-thermal electrons is well above the white- 
light power (e.g. ~50% of the power in electrons above 30keV is enough to account for the 
white-light emission). The total power of electrons above ~ 40keV roughly matches the 
white-light power. If the G-band emission contains not only continuum emission but also 
line emission, the values for the white-light power derived above are overestimates. In any 
case, for all realistic cutoff energies, the energy in non thermal electrons (derived from thick- 
target assumptions) is larger than the white-light power, and independent of values of the 
cutoff energies, the derived powers are correlated. 
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4. Discussion and Summary 



The observations discussed in tliis paper show that the solar flare white-light emission 
is closely related in time, space, and power to the acceleration of non-thermal electrons. 
To explain the observed correlation between white light and high energy hard X-ray emis- 
sion in the simplest possible way, the two components should originate in the same source 
region. Continuum emissio n in the (j-band emi ssion comes from — 100 km above the pho- 
tosphere (see Figure 1 of ICarlsson et al.l 120071 ). and hard X-ray emission in 50 — 100 keV 
originates in the chromosphere. Observationally, the emission site of 50 — 100 keV hard 
X-rays is esti mated at 6.5 x lO^krn . height above the photosphere from (early) Yohkoh 
observ ations ([Matsushita et al.l [1992) and around 600 km height by RHESSI for a single 
event ( Kontar et al. 20081 ). This information is weak and we would like to see systematic 
RHESSI data analyses on this poi nt, but the existing data suggest a differ ence of more than 
500 km between the emission sites (iKontar et al.|[2008[ : [Carlsson et al.|[2007[ ). Theoretically, a 
50 — 100 keV electron should thermalize some 1000 km heig ht above the photosphere; at this 
mid-chromospheric height, the density is about 10^^'^/cm^ (jNeidig||l989[ ). At these energies, 
however, the electrons cannot penetrate into the lower chromosphere, and thus they do not 
heat the photosphere. Electron energies more than 900 k eV are necess ary for penetration to 
the photosphere, even if the flare site has become ionized (jNeidig||l989[ ). However, the energy 
in 900 keV electrons is far too small (by about 4 orders of magnitude, assuming the power 
law seen at 40 keV can be extrapolated to 900 keV) to produce the white-light emission. The 
data presented here therefore call attention to the need for a white-light emission model 
which can explain the good correlation with high-energy electron emission and difference of 
the emission height of whi te light and hard X-rays. Non thermal ionizati on levels enhance th e 



continuum (jHudsorull972l ) and also make back- warming possible (e.g.. iMetcalf et al.ll2003[ ). 
but we do not have well-deflned models for these processes in realistic physical conditions 
yet. 
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Fig. 1. — Light curves of GOES soit X-rays, G-band excess emission from Hinode/SOT, and 
20 — 30, 40 — 100 keV range hard X-ray emissions from RHESSI. The bottom panel is a 
RHESSI spectTogra.m, and the color bar on the right shows the spectral flux (counts/4sec). 
Total white-light emission (sum of south-east and north-west emission at each image time) is 
overlaid on hard X-ray light curve in the next-to-bottom panel, showing a good correlation. 
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Fig. 2. — Top: Image of G-band emission taken by Hinode/SOT and RHESSI hard X-ray 
contours at 22:09UT. The background image is the differential G-band image (the average of 
the images taken at 22:07 UT and 22:17UT is subtracted), and the black contours indicate 
3cr above background. Red contours show 20 — 30keV emission, and blue contours show 
40 — 100 keV emission. The black box give the area over that the RHESSI image is searched 
for emission from the footpoint. Only emission above 3cr is added up to derive the spectrum. 
Bottom: Photon spectra for each foot-point at 22:09UT. The red crosses and lines indicate 
spectra in the NW box, and blue ones indicate spectra in the SE box, with la error bars. 
Energy bands of spectrum were in a logarithmic space and each spectrum was fitted in the 
range above SOkeV. 
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Fig. 3. — Same as in Figure [2] for 22:11UT. 
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Fig. 4. — Same as in Figure [2]for 22:13UT. 
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Fig. 5. — Same as in Figure [2]for 22:15UT. 



10 



100 

energy [keV] 




MO^** 2'10' 



radiative losses [erg s"^] 



Fig. 6. — Top: Hard X-ray photon spectra integrated over 4 seconds around the time of the 
four G-band images. The black histogram represents the data. The red and blue curves are 
a thermal and broken power law fit to the data, while the black curve represents the sum 
of the two fits. Spectra from later intervals are successively divided by an additional factor 
of 10 for a clearer representation. Bottom: Correlation plot of total power in white-light 
continuum (radiative losses) and the derived power in non-thermal electrons for different 
cutoff energies as indicated. The four data points correspond to the four time intervals and 
are connected by lines to indicate time evolution. The dashed line outlines equality between 
energy deposition rate and radiative losses. 
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Fig. 7. — Same plot as Figure [6] (bottom) derived from imaging spectroscopy results. The 
shown data points correspond to the NW footpoint (first interval only; dynamic range of hard 
X-ray images is too low to derive accurate values for later intervals) and the SE footpoint 
(all intervals) as shown in the images of Figure [2] to The different colors correspond to 
different cutoff energies as indicated. 



